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Cell motility depends on the conversion of extracellu­
lar cues into intracellular cytoskeletal responses. A 
recent Keystone meeting on cell migration and adhe­
sion showcased advances in the field. 
Cell motility is a complex process that is important for 
a variety of physiologic processes, such as embryonic 
development, immune system function, and cancer in­
vasion and metastasis. Cytoskeletal rearrangements 
are essential for cell migration, and a major interest of 
many groups is to understand how external cues result 
in the formation of different cytoskeletal-based motility 
structures. A recent Keystone meeting in Snowbird, 
Utah, “Cell Migration and Adhesion,” highlighted both 
the diversity of viewpoints now entering the field and 
the convergence on central important questions for 
study. Topics of great interest included the relationship 
between different cytoskeletal structures and the rela­
tive importance for different aspects of migration. An 
important goal for the future will be to determine how 
motility structures that have been well characterized in 
two-dimensional culture systems relate to cell migra­
tion in three dimensions, e.g., in living organisms. 
Cues from the Outside: Cell Polarity, Lamellipodia, 
and the Contractile Machinery 
The canonical version of cell motility is that moving 
cells must protrude the leading edge of the cell as the 
first step, followed by adhesion to extracellular matrix, 
cell contraction for forward movement, and release of 
rear adhesions. However, it is becoming clear that cells 
utilize these steps in different ways for different kinds 
of migrations. For example, studies presented by John 
Condeelis highlighted the importance of the dynamic 
actin assembly proteins cofilin and Arp2/3 complex in 
tumor cell chemotaxis both in vitro and in vivo. For 
chemotaxing cells, protrusion of the leading edge as a 
lamellipodium provides a “steering wheel” for the cell 
and allows cell polarization and effective directed cell 
motility. However, Clare Waterman-Storer presented 
evidence that in situations where cells are already po­
larized, e.g., epithelial cells in a wound assay, that la­
mellipodial protrusion is not required for cell motility 
and does not affect cell speed (Gupton et al., 2005). 
Rather, the lamella—the zone directly behind the lamel­
lipodia that is the site of adhesion assembly and myo­
sin II contractility (Ponti et al., 2004)—is what drives cell 
motility in this model. 
Despite data looking at the importance of these indi­
vidual structures, it is becoming increasingly clear that *Correspondence: alissa.weaver@vanderbilt.edu separations between these steps may be artificial. Rick 
Horwitz presented data showing that expression of a 
mutant adhesion protein, paxillin (S273D), in fibroblasts 
induces increased lamellipodial protrusion and adhe­
sion turnover. Likewise, Mark Ginsberg used chimeric 
fusions of the α4 integrin with paxillin to show that this 
interaction could negatively regulate Rac activity and 
lamellipodial protrusion (Nishiya et al., 2005). Thus, 
there appear to be complex feedback loops whereby 
adhesion to the extracellular matrix provides cues for 
regulation of protrusion. The implications for migrations 
in vivo are great, as extracellular matrix could regulate 
cell polarity, pathfinding, and potentially the migratory 
propensity of cells. 
Myosins and Cell Adhesion 
Conventional myosins have a well-established role in 
generating contractile forces for cell movements and 
may regulate adhesion assembly via mechanical ef­
fects. However, the myosin family is quite large and 
continues to surprise us as new functions are discov­
ered for various family members. New evidence from 
Meg Titus’ lab shows an intriguing direct connection 
between the tail of Dictyostelium unconventional Myo­
sin 7 (DdMyo7) and Talin A (Tuxworth et al., 2005) that 
may help to explain adhesion and phagocytosis de­
fects in DdMyo7− cells. Interestingly, DdMyo7 localizes 
to the tips of filopodia, and cells deficient in DdMyo7 
are defective in filopodia formation. Thus, DdMyo7 may 
be important in both pathfinding and cell adhesion. 
Rex Chisholm presented elegant imaging studies on 
the function of myosins in mammalian cells. A GFP­
myosin II regulatory light chain marked striations in 
stress fibers that were used to quantitate contraction 
of the fibers in cells turning on patterned substrates. In 
additional studies, a FRET biosensor of Ca/Calmodulin 
(Ca/CaM) binding to myosin light chain kinase (MLCK) 
(Chew et al., 2002) showed that the highest increases 
in Ca/CaM binding are in the transition zone at the front 
of the cell (coined the lamella by Clare Waterman-Storer 
[Ponti et al., 2004]) as compared with the rear of the 
cell. Thus, activation of myosin by Ca/CaM may occur 
preferentially in the same area where new adhesions 
are being laid down. 
Microtubules in Cell Motility 
Microtubules are important regulators of cell polarity 
and motility. Ellen Ezratty from Gregg Gundersen’s lab­
oratory presented nocodazole washout studies impli­
cating focal adhesion kinase and dynamin specifically 
in microtubule-induced disassembly of focal adhesions 
(Ezratty et al., 2005). Other work from the Gundersen 
lab addressed the question of how MTOC reorientation 
(to a position between the nucleus and leading edge) 
occurred in response to LPA in wounded cell mono­
layers (Gomes et al., 2005). They found that instead of 
the MTOC moving to its “reoriented” position, the nu­
cleus moved rearward, while the MTOC remained sta­
tionary. So, there are two events in MTOC reorientation: 
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the cell centroid. The Gundersen lab has found that 
both events are cdc42 dependent, but rearward nuclear 
movement depends on actin, myosin, and a novel 
cdc42 effector myosin light chain kinase called Myo­
tonic dystrophy kinase-related Cdc42 binding kinase 
(MRCK) (Gomes et al., 2005). MTOC maintenance at the 
centroid is Par6, aPKC, and dynein dependent. 
David Van Vactor presented data that in the Drosoph­
ila nervous system, Abl tyrosine kinase not only affects 
actin dynamics but also regulates microtubule dy­
namics through a protein called Orbit (Lee et al., 2004). 
Orbit binds microtubules and appears to stabilize them, 
based on RNAi studies in which cells lacking Orbit had 
unstable microtubules. Since microtubules are required 
for cell polarization, this regulation could be key in axon 
guidance. Indeed, Orbit mutants demonstrated im­
proper midline crossing, similar to Slit/Robo mutants. 
Live Cell Imaging—the Workhorse 
for Motility Research 
One obvious trend at the meeting was the importance 
of live cell imaging to motility research. Nearly every 
talk demonstrated elegant use of light microscopy to 
visualize dynamic events that ran the gamut from im­
aging the migration of cells in living organisms to im­
aging molecular events in motility structures. Tech­
niques included multiphoton, spinning disk confocal, 
fluorescent speckle, IRM, TIRF, and DIC. 
Quantitative Imaging Approaches: Fluorescent 
Speckle Microscopy 
A major theme of the meeting was the importance of 
fusing quantitation with high-resolution optical micro­
scopy to address issues of fundamental importance to 
the field. Of particular importance is how to derive 
quantitative data, such as rate constants and in vivo 
protein concentrations, in a spatiotemporal manner 
from living cells. Quantitative fluorescent speckle mi­
croscopy (FSM) of living cells is one elegant way to 
track movements of cytoskeleton-associated proteins 
and derive quantitative data. Naoki Watanabe showed 
data from speckle microscopy experiments that the T1/2 
for the lifetime of Arp2/3 complex components at the 
leading edge is 10-fold longer than the lifetime for cap­
ping protein (15 versus 1.5 s). The astoundingly fast 
dissociation time for capping protein at the leading 
edge could be extended to very long lifetimes (T1/2 = 
65 min versus 1.5 s) upon permeabilization of the cells 
with Triton-X-100, implicating a factor in the cytoplasm 
or membrane that actively induces dissociation of cap­
ping protein from the barbed end of filaments in living 
cells. 
Clare Waterman-Storer revisited the classic Horwitz 
and Lauffenberger experiments, in which optimal mi­
gration occurs on an intermediate coating of extracellu­
lar matrix, by quantitating cytoskeletal and subcellular 
features in cells migrating on low (2.5 �g/ml), medium 
(10 �g/ml), and high (100 �g/ml) coatings of fibronectin. 
She found that the major correlation with cell motility 
speed (optimal at medium concentrations) was with the 
width of the area in the cell where new adhesions are 
made—the lamella—as well as concentration of dy­
namic adhesions within that region of the cell. Cells 
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loving on low concentrations of fibronectin had few, 
arge, dense clusters of GFP-paxillin marking adhe­
ions at the very edge of the cell, whereas cells plated 
n high fibronectin had tiny adhesions distributed dif­
usely across the cell. Strikingly, cells on the optimal, 
edium concentration of fibronectin had distinct and 
elective localization of GFP-paxillin-marked adhesions 
t the junction between the lamellipodium and lamella, 
s well as the highest myosin:actin ratio across the la­
ellas. Another unique feature of the cells plated on 
he medium fibronectin concentration was an increased 
urnover of β1 integrins. Taken together, these quantita­
ive real-time data suggest that the major effect of ex­
racellular matrix on cell motility may be the spatiotem­
oral regulation of adhesion assembly driven by myosin 
ontractility in the lamella. 
uantitative Imaging Approaches: Fluorescence 
orrelation Microscopy 
n addition to FSM, quantitative approaches are being 
pplied to more accessible technologies as well. Rick 
orwitz’s laboratory has been at the forefront of adapt­
ng and developing microscopic approaches for quanti­
ation of events in cell-matrix adhesions, including de­
iving rate constants for adhesion complex assembly 
nd disassembly by imaging GFP-fusion adhesion pro­
eins such as paxillin. The Horwitz laboratory is also 
art of a collaboration that is currently developing fluo­
escence correlation microscopy, a method that allows 
he spatiotemporal determination of protein concentra­
ions, interactions, diffusion, and rates of directed 
ovement (Digman et al., 2005; Wiseman et al., 2004). 
hile nascent, this method holds great promise for be­
ng able to accurately determine precisely how proteins 
ove and interact in local regions in cells. Furthermore, 
t is likely to be easily adapted by interested laborato­
ies, as it can be performed by standard laser scanning 
onfocal microscopy coupled to appropriate software. 
Another interesting adaptation of microscopy for 
uantitative measurements was exemplified by work 
resented by Julie Theriot. The Theriot lab used micro­
njected quantum dots to track cytoplasmic flow in 
oving fish keratocytes and found that particles with 
iameters w45 nm were not carried uniformly with the 
etrograde flow path that would be predicted from sim­
le interactions with the actin meshwork, nor were they 
arried passively forward with the fluid content of the 
oving cell. Rather, individual particles appeared to be 
squeezed back” slowly through channels that did not 
elate to the lamellipodial actin meshwork, raising the 
ossibility that water may enter the cell preferentially at 
he leading edge. These experiments have implications 
or the diffusion and trafficking of very large multimo­
ecular complexes within the cell and provide new in­
ight into fluid flow dynamics in migrating cells. In other 
xperiments using nanotechnology to quantitate bio­
ogical forces, the Theriot lab in collaboration with the 
roups of Marileen Dogterom and Daniel Fletcher mea­
ured single filament versus actin network force gener­
tion, using nanofabricated walls and dual beam canti­
ever atomic force microscopy, respectively. They found 
hat a single filament produces a few pN of force, 
hereas actin networks produce 1–3 nN/�m2 of force/ 
rea. Furthermore, the network matched force to the 
oad such that when prestressed networks were sud­
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Meeting Review denly relieved of the load, they grew at a more rapid 
rate than unstressed networks under equivalent condi-
tions. Thus, the actin network is a self-adapting and 
versatile force-producing machine. 
Migrations In Vivo versus In Vitro: 
Are the Same Structures Used? 
A hot topic for debate at this meeting was whether the 
actin-based structures that are heavily studied in vitro 
exist in vivo and function in the same manner. This is 
clearly a topic for future study by many laboratories. 
Nonetheless, some intriguing data that address this 
question were presented at the meeting. 
The Importance of Cell Polarity 
and Lamellipodia In Vivo 
William Wood examined migration of Drosophila hemo-
cytes, large motile phagocytic cells, in vivo (Wood and 
Jacinto, 2005). He found that a dominant-negative PI-
3-kinase (PI3K) construct had no effect on the normal 
developmental migrations. However, a chemical inhibi-
tor of PI3K, LY294002, greatly inhibited recruitment of 
hemocytes into a wound. By contrast, a dominant-
negative inhibitor of Rac inhibited both developmental 
and wound-response migrations (Stramer et al., 2005), 
implying that lamellipodia may be important for both 
processes, whereas PI3K is more important for move-
ment in response to directional cues. 
In an elegant talk covering in vivo migrations in mice, 
Drosophila, and zebrafish, Paul Martin presented data 
showing that many cells, including macrophages (Dro-
sophila and zebrafish) and epithelial cells, extend pro-
cesses that resemble lamellipodia and filopodia in vivo 
during wound-triggered migrations (see Figure 1). In Figure 1. In Vivo Lamellipodia and Filopodia 
in Migrating Drosophila Macrophages 
Lamellipodial and filopodial structures are 
both evident in this in vivo image of a Dro­
sophila macrophage (red) emerging from a 
laser-induced wound on the ventral surface 
of a Drosophila embryo (green). Courtesy of 
Brian Stramer and Paul Martin, University of 
Bristol, UK. some cases, the regulatory molecules thought to be in­
volved in assembly of those actin-based protrusions 
are also important for migration. For example, hemo­
cytes with Rac and Rho1 mutations had large defects in 
chemotaxis into wounds. However, a surprising result, 
given in vitro observations to the contrary, was that 
cdc42 mutant hemocytes migrated effectively into
wounds, despite cells exhibiting multiple leading edge 
fronts and somewhat random motility (Stramer et al., 
2005). Instead, cdc42 mutants demonstrated defective 
filopodia formation by epithelial sheets enacting dorsal 
closure and an inability for reepithelialization of the 
wounds (Wood et al., 2002). Francis Szele also showed 
visualization of lamellipodia and filopodia-like pro-
cesses in migratory GFP-labeled cells in the rostral mi­
gratory stream, imaged in 300 �m brain sagittal slice 
culture by multiphoton microscopy.

Abl, Ena/VASP, and Filopodia in Epithelial Migrations

Using inhibitory or activation approaches, Mark Peifer’s 
laboratory showed that the Abl tyrosine kinase, well 
known for regulating axon guidance, also affects epi­
thelial migrations in vivo, specifically affecting dorsal 
closure in Drosophila embryos (Grevengoed et al., 
2001). Dorsal closure is a developmental process in 
which two epithelial sheets migrate toward each other 
across a layer of amnioserosal cells on the distal side 
of the embryo. Interestingly, when activated Abl is ex­
pressed in embryos, the amnioserosal cells switch from 
making filopodia to making lamellipodia. Dr. Peifer also 
showed evidence that Abl controls Ena localization and 
activity in Drosophila epithelial tissues (Grevengoed et 
al., 2003). Furthermore, when Ena activity was misregu­
lated, the resulting phenotypes on development, such 
as dorsal closure, paralleled those seen when Abl was 
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Developmental Cell perturbed. Strikingly, videomicroscopy of GFP-actin-	 A
expressing cells revealed that reduction in Ena activity p
in Drosophila embryos led to decreased filopodia forma- C
tion, while elevating Ena activity increased filopodia for- h
b
mation. Importantly, these data provide evidence that cy- a
toskeletal structures that are heavily studied in vitro do 5
actually regulate cell migration in vivo and that the mo- D
lecular regulators play similar roles in different animals. A
For example, these data are consistent with studies in c
fibroblasts showing that Ena/VASP proteins regulate the l
geometry of actin networks and can promote filopodia E
formation (Bear et al., 2002; Lebrand et al., 2004; Mejil- b
lano et al., 2004). Thus, at least one molecular switch— a
Ena/VASP proteins—appears to function the same in vivo G
as in vitro (to promote filopodia formation). 
m
l
Do Cells Migrate as Groups or as Single Cells? G
One issue that was debated in the meeting was whether A
cells migrate as single cells or as clusters in vivo. As with J
most questions in biology, the answer seems to be “it G
depends.” Denise Montell showed examples of migra- a
tion of a polarized cell cluster in her elegant studies on f
border cell migration in the Drosophila ovary. Nonmi- G
gratory cells and migratory cells in the cluster migrate H
together and affect the process through paracrine in- H
o
teractions involving JAK/Stat signaling (Silver and Mon- m
tell, 2001). On the other hand, Ruth Lehman presented L
data showing that primordial Drosophila germ cells dis- S
sociate from a cluster into single cells before migrating E
through the midgut. t
L
High-Throughput Approaches t
It is difficult these days to have a meeting without dis- M
cussing the complex nature of problems and systems	
a
approaches to solving important questions. Ron Vale M
T
presented data from high-throughput RNAi screens in o
Drosophila S2 hemocytes in which fluorescence micro- C
scopy of glass-bottom 96-well plates was used to find N
novel proteins involved in cytoskeletal reorganization a
and cell morphology. Joan Brugge used transwell t
migration assays to screen for enhancers of cancer P
progression with MCF10A mammary cells expressing D
homodimerizing ErbB2. Of 44 genes that induced trans- o
well invasion, only 11 induced invasive changes in 3D S
tMatrigel culture. Understanding how multiple players 
t
interact to produce complex phenotypes will require 
S
both an inventory of players and analysis in complex h
systems, such as organotypic or whole animal systems. t
d
Conclusions T
Overall, many exciting developments were showcased, I
including new imaging techniques, data from 3D and in P
vivo systems, and quantitative analyses of how cy- W
toskeletal-based structures contribute to motility. The S
p
diversity of investigators in the field and the focus on i
more complex motility systems, including in vivo cell W
migrations in development and disease states, will un- d
doubtedly lead to a more complete picture that bridges 2
molecular function to whole organism physiology.	 W
a
i
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